A transflective display with high speed and gray scale capability is demonstrated using a vertically aligned deformed helix ferroelectric liquid crystal (VA-DHFLC) mode in a single gap geometry. In order to compensate the optical path difference between transmissive (T) and reflective (R) regions, dual types of transverse electric fields are produced from in-plane electrodes prepared on two substrates in T regions and on only one substrate in R regions. The VA-DHFLC mode employed in such electrode configuration provides several unique features such as defect-free alignment over large area, fast response, and gray scale capability without hysteresis. T ransflective liquid crystal displays (LCDs), consisting of two sub-pixels of transmissive (T) and reflective (R) regions, are promising for mobile applications due to their superior performances including low power consumption and good readability in both indoor and outdoor environments.
T ransflective liquid crystal displays (LCDs), consisting of two sub-pixels of transmissive (T) and reflective (R) regions, are promising for mobile applications due to their superior performances including low power consumption and good readability in both indoor and outdoor environments. [1] [2] [3] [4] [5] [6] Transflective LCDs depend critically on the methods of compensating the optical path difference (OPD) between T and R regions because the backlight passes the LC layer only once in T region while the ambient light traverses the LC layer twice in the R region. Irrespective of dual cell gap structures 1, 2) and single gap structures combined with multi LC modes 3, 4) or patterned phase retarders, 5, 6) the compensation of the OPD is required. A nematic LC used mostly as an active layer is known to have the slow response (on the order ten milliseconds) due to the intrinsic nature of the dielectric coupling with an applied electric field. Thus, a new type of a transflective LCD, requiring less fabrication processes and fast response, should be developed for high speed video-rate applications. A ferroelectric liquid crystal (FLC) 7) is a promising material for fast electro-optic (EO) devices because of a direct coupling of the spontaneous polarization with an applied electric field if several problems such as non-uniform alignment due to zigzag defects, associated with chevron structures, and lack of gray scale capability were solved.
In this work, we report on a fast transflective display using a vertically aligned deformed helix ferroelectric liquid crystal (VA-DHFLC) mode 10, 11) in a single gap geometry. In addition to the fast response and the analog gray scale capability, the VA-DHFLC mode provides defect-free alignment over large area without an additional process such as a rubbing process and/or an electric field treatment. For our purpose, the FLC material being used should have a tight pitch (compared to the wavelength of the input light) and a large polarization so that it behaves as an optically isotropic medium along the helical axis and is operated at relatively low driving electric fields. For the optical compensation between T and R regions in a single gap geometry, in-plane electrodes are produced on two substrates in T regions and on only one substrate in R regions. The phase retardation in T region needs to be twice as that in R region. Figure 1(a) shows the schematic diagram of our transflective FLC cell using the VA-DHFLC mode in a single gap geometry. The microscopic image of T and R regions in the reflective mode was shown in Fig. 1(b) . The short arrows and thick dashed curves represent molecular dipole moments and electric field lines generated from in-plane electrodes. The transflective FLC cell was composed of two crossed polarizers, upper and lower quarter-wave plates (QWPs), and the VA-DHFLC layer located on both T and R regions in the same manner. In the R regions, the in-plane electrodes were prepared on the top substrate only while in T regions, they were on both the top and bottom substrates. For light propagating normally through the transflective FLC cell, the 2 Â 2 Jones matrix formalism is sufficiently accurate to calculate the optical transmittance and reflectance. The corresponding 2 Â 2 Jones matrices, J T in T region and J R in R region, can be expressed as where P AE represents the Jones matrix of the upper polarizer and that of the lower polarizer making an angle Ç45 to the in-plane electrodes, respectively. Here, J T LC in T region and J R LC in R region are given by
respectively. The asterisk (Ã) denotes the transpose of the matrix corresponding to the light which propagates backward. The retardation matrix ÀðÞ, giving the phase retardation through the optical layer, is given by
In our configuration shown in Fig. 1(a) , AE QW of the upper QWP and that of lower QWP correspond to AE=2, respectively.
In the absence of an applied electric field, the DHFLC layer behaves as an optically isotropic medium along the helical axis since the helical pitch of the chiral smectic C (SmC Ã ) phase is small ( 0:2 mm) compared to the wavelength of visible light. Thus, this initial helical structure is similar to a hometrically aligned nematic structure. In this circumstance, the effective phase retardation, LC ¼ 2Ánd= with the thickness d of the FLC layer and the wavelength of the incident light, in eq. (2) is zero in both T and R regions. Accordingly, a completely dark state is obtained T as well as R regions. In fact, the effective birefringence Án is the optical anisotropy averaged over the helical structure.
Under an external electric field, the FLC molecules in the VA-DHFLC cell rotate on the SmC Ã cone through a direct coupling between the spontaneous polarization and the electric field. As a consequence, the helix becomes deformed and the phase retardation appears. Our VA-DHFLC mode was operated using a bipolar electric field, i.e., a symmetric mode, to avoid strong image-retention resulting from the interfacial charging effect.
12) The transmittance (reflectance) depends on in the R region, identical EO characteristics will be obtained in both T and R regions.
The FLC material used was Rolic FLC-10817. The phase transition sequence is as follows: isotropic ! (64.5 -62. 4 C) ! cholesteric ! (62.4 -61.5 C) ! SmC Ã . The spontaneous polarization, the tilt angle, and the helical pitch are P s ¼ 115 nC/cm 2 , t ¼ 34 , and p 0:2 mm, respectively. An array of aluminum in-plane electrodes shown in Fig. 1 were fabricated on glass substrates by thermal evaporation and photolithography techniques. The width and the thickness of each electrode were 10 mm and 1000 Å , respectively. The separation between adjacent in-plane electrodes was 30 mm. The polyimide of AL1H659 (Japan Synthetic Rubber) was coated on inner sides of two glass substrates, followed by thermal curing at 200 C for 1 h, to promote the vertical alignment. The cell gap was maintained using glass spacers of 9.5 mm thick. The FLC was injected into our cell by capillary action in the isotropic state. For the uniform alignment of smectic layers, the cell was cooled down at a rate of 1 C/min into the SmC Ã phase in the absence of an external electric field. It should be noted that in most planar FLC cases, the electric field treatment is generally required for producing uniform alignment of both the molecules and the smectic layers. A He-Ne laser of 632.8 nm was used as a light source for measuring the EO properties of our transflective FLC cell. All the measurements were carried out at room temperature.
The phase retardation of each region (T or R) in our transflective cell was determined using a phase-sensitive technique 13) with a photoelastic modulator (Hinds Instruments PEM90) and a lock-in amplifier (Stanford Research System SR830). Fig. 2(a) . In Fig. 2(b) , the phase retardations in T and R regions, measured using a bipolar electric field in a square waveform at 60 Hz, were plotted as a function of electric field. As shown in Fig. 2(b) , T LC is nearly twice as R LC , because the effective transverse electric field in the T region having in-plane electrodes on two substrate is stronger and more uniform than that in the R region having in-plane electrodes on only one substrate. This is the essential compensation scheme of the OPD in a single gap geometry. Figure 3 shows microscopic textures of our transflective FLC cell, taken under crossed polarizers, in the absence (0.0 V/mm) and presence of an applied field 2.0 V/mm. The left and the right columns represent microscopic textures in the transmissive and reflective modes. The letter ''r'' denotes R region. In contrast to the homogeneously aligned FLC case, our VA-DHFLC cell produces the uniform LC alignment in large area without showing zig-zag defects and striped domains. In a dark state as shown in Fig. 3 , the FLC layer has an average optic axis perpendicular to the substrate and behaves as an optically isotropic medium in both regions. Under an external electric field, the helical structure of the FLC is unwound by the molecular rotation on the SmC Ã cone so that the molecules tend to align along the electric field direction. As a result, the optical anisotropy appears and a bright state, depending on the strength of the electric field, is then obtained as shown in Fig. 3 . The optical states is T and R regions in the transmissive mode are reversed to those in the reflective mode. Figure 4 shows the EO characteristics of our VA-DHFLC cell. In the absence of an applied electric field, no light can be transmitted through the cell, and thus excellent contrast can be achieved. The transmittance/reflectance increases continuously with increasing the electric field as shown in Fig. 4(a) . This means that the analog gray scale capability is indeed obtained in our VA-DHFLC cell as a function of the applied electric field. In our cell negligibly small hysteresis was observed. 10) Moreover, the transmittance is identical to the reflectance. Figure 4(b) shows the dynamic EO response of our VA-DHFLC cell to an unipolar electric field in a square waveform of 2.4 V/mm at 60 Hz. It was found that the rising time on ' 135 ms and the falling time off ' 50 ms. The response times are sufficiently fast for high-speed LCDs with no image sticking effect.
In summary, we demonstrated a fast response transflective FLC display in a vertically aligned configuration with a single gap. The OPD between T and R regions was compensated through the modulation of the effective transverse electric field by using dual in-plane electrodes in T regions and single in-plane electrodes in R regions. This provides a unique compensation scheme of the OPD between T and R regions, not attained so far. Moreover, the uniform alignment without any additional process, the analogy gray scale capability with good linearity, and the fast response are easily obtained in the VA-DHFLC mode. 
